The Snail superfamily of transcription factors have a modular organization and their 21 similarities and divergences are the basis for subdividing the superfamily into the Snail1/2 and 22 Scratch families. As it is generally accepted that the Snail and Scratch families originated through 23 gene duplication, understanding the functional contribution of each module could provide us with 24 further insight about the molecular and functional evolution of the Snail superfamily. Thus, in this 25 work, we investigated the function of the SNAG and SCRATCH domains in chicken Scratch2.
Chicken embryos at stage HH10-HH12 [19] were electroporated with cScrt2WT, cScrt2-87 Y77F and cScrt2-S78A. Electroporated cells were identified by the presence of GFP. Briefly, a 88 small window was made at the top of the egg shell to reach the embryo. The embryos were 89 visualized with sterile Indian ink 10% (diluted in Howard Ringer's saline solution) injected under 90 the blastoderm. The plasmid solution (concentration of 3 µg/ml) containing the inert tracer 91 FastGreen 0.2% was injected into the truncal neural tube lumen. Then, the platinum electrodes 92 were placed at a distance of 4 mm flanking the neural tube and 5 pulses of 20 V with 30 ms of 93 length and 100 ms of interval were administered [17, 20] . Embryos were re-incubated and collected 94 24 hours later. Embryos were fixed in PBS/paraformaldehyde 4% for 30 minutes and cryoprotected with 106 20% sucrose overnight at 4°C and embedded in an OCT-20% sucrose mixture (1:1) prior to 107 sectioning in cryostat at 10 µm. We sectioned the trunk region of the embryo between the limb 108 buds. The slides were dried for 30 minutes at 37°C, fixed in PBS/paraformaldehyde 4% for 20 6 6 109 minutes, washed three times of 10 minutes with PBS and blocked for 1 hour with 3% NGS and 110 1% BSA diluted in PBST (PBS containing 0,1% Triton X-100), followed by incubation with 111 antibodies. Coverslips containing transfected HEK293T cells were washed once with PBS for 10 112 minutes and then fixed in PBS/paraformaldehyde 4% for 20 minutes. Next, the coverslips were 113 washed with PBS and incubated with blocking solution (PBS containing 0,1% Triton X-100 and 114 3% NGS), followed by incubation with antibodies. Primary antibodies were diluted in the block 115 solution and applied on sections or cells overnight at room temperature in a humidified chamber.
116
In the next day, the slides or coverslips were washed with PBS and then incubated with the 117 secondary antibody for 2 hours at room temperature. DAPI was added to the secondary antibody 118 solution for nuclear staining. Primary antibodies used were: anti-MYC (0,004 mg/ml -9E10, Life 119 Technologies), anti-GFP (0.002 mg/ml -A-11122, Life Technologies), anti-FLAG (1:250 -F3165, 120 Sigma). Secondary antibodies used were goat anti-rabbit IgG Alexa Fluor 488 (1:500, Molecular 121 Probes) and anti-mouse IgG Alexa Fluor 568 (1:500, Molecular Probes) or 647 (1:500, Molecular 122 Probes).
123
Luciferase assay 124 For these experiments, we inserted four E-Box sequences (CAACAGGTG) in tandem into 125 pGL3Luc vector (Promega), generating the plasmid-test pGL3-4xE-box. This plasmid is used to 126 indirectly measure the transcriptional activity of Scrt2 through the activity of luciferase. To 127 perform the assay, HEK293T cells were dissociated and plated in 24-well plates at the 128 concentration of 1.25x10 5 cells/well. The cells were transiently co-transfected with each plasmid 129 containing the tested constructs together with pGL3-4xE-box and pRL encoding the renilla 130 luciferase. Renilla luciferase is transcribed independently of Scrt2 and served as a normalization 7 7 131 factor for the assay. Control conditions were the same, except that the tested construct (pMES or 132 pCIG) did not contain cScrt2 or its variants.
133
The co-transfection was performed with Lipofectamine 2000 (Invitrogen) at a final 134 concentration of 2 µg, 0.4 μg of tested plasmids, 0.01 μg of pRL and 0,4 μg pGL3-4xE-box for 4 135 hours in Opti-MEM medium. After 4 hours, the medium containing the transfection solution was 136 removed, the cells were washed with serum-free medium and cultured with complete medium. The 137 cells were re-incubated for 16-18 hours before collection and luciferase signal was measured 138 following the kit manufacturer's instructions (Dual luciferase assay reporter system, Promega).
139
Statistical analysis was performed using one-way ANOVA. The level of significance adopted was 140 p <0.05. control, suggesting that the absence of SNAG decreases chicken Scrt2-mediated transcriptional repression.
164
In contrast, chicken Scrt2 lacking the SCRATCH domain (cScrt2ΔSCRATCH) transcriptional repression similar to the native form cScrt2WT, suggesting that SCRATCH is 202 required neither for nuclear localization nor for repressor activity (Fig. 1Q ).
203
HINGE domain Ser and Tyr residues are required for Scrt2 repressor activity. 204 To further investigate the role of the SCRATCH domain, we analyzed its evolution in the 205 context of Scrt2 proteins through sequence alignment (Fig. 2) . We observed that the full 206 SCRATCH domain co-evolved in vertebrates together with another conserved domain that we 207 named HINGE (amino acids 75-85 in chicken Scrt2; Fig. S2A ). HINGE is extremely well 208 conserved in amniotes and contains an initial acidic-rich motif EEYSD. The acidic residues of the 209 motif can vary between glutamate and aspartate, but the core residues Tyrosine 77 (Y77) and 210 Serine 78 (S78) are maintained in most vertebrates -except fish. Furthermore, these two residues 211 are potentially recognized by a variety of kinases (Fig. S3 ). As changes in phosphorylation levels 212 modulate protein stability and repressor activity of Snail1/2 [22], we hypothesized that these 213 residues are evolutionarily conserved due to their ability to modulate Scrt2 function through 214 phosphorylation.
215
To test this hypothesis, we generated a series of single mutants at residues 77 and 78 to 216 simulate the changes in residue charges prior and after phosphorylation. We replaced the original 217 amino acids either with the neutral residues closest in structure to tyrosine or serine, or with acidic 218 residues. Thus, Y77 was replaced with phenylalanine (cScrt2-Y77F) or glutamate (cScrt-Y77E) 219 and S78 with alanine (cScrt-S78A) or aspartate (cScrt2-S78D). All four single mutations impaired 220 Scrt2-mediated transcriptional repression (Fig. 3M ). localization, as all constructs were found in the nucleus (Fig. 3B , E, H and K). Moreover, these 234 mutations did not change protein expression levels (data not shown).
235
As our homology analysis suggested a co-evolution of the HINGE and SCRATCH domains, 236 we hypothesized that the two domains act together, which would mean that removing the 237 SCRATCH domain in the background of Y77 or S78 single mutants should further decrease Scrt-2 238 repressor activity. Contrary to our hypothesis, removal of the SCRATCH domain restored the 239 repressor activity of cScrt2-Y77F and cScrt-S78A (Fig. 4) . 
Double mutants of the HINGE domain repress transcription 248
Considering that single mutations of either Y77 or S78 decreased Scrt2 repressor activity 249 and that invertebrates lack the entire HINGE domain (Fig. 2) , we next tested the effect of as the small domain of highly conserved residues, also known as the minimal SNAG 274 (MPRSFLVKK), whereas SNAG-2 contains the subsequent 13-17 amino acids [21] . SNAG-1 and 275 SNAG-2 do not necessarily occur in the same protein; in other words, the two subdomains can 276 evolve independently, suggesting that they contribute to different functions. Scratch proteins -
277
including Scrt2-all lack a recognizable SNAG-2 subdomain. However, Scrt2 retains a SNAG-1 278 subdomain identical to that found in Snail1. Our data shows that removal of SNAG-1 decreased 279 Scrt2 repressor activity but not protein stability. In light of this, a more complex picture of SNAG-1 280 and 2 function arises. The canonical model of SNAG-mediated repression in the Snail superfamily 281 relies on the functional analysis of Snail1, after simultaneously removing SNAG-1 and 2. In these 282 experiments, repressor activity was completely abolished, and protein stability reduced [12, 13] . 283 Repressor activity has been attributed to the interaction of individual residues in SNAG-1 to 284 repressor proteins and epigenetic modifiers. For example, Lysine-specific demethylase 1 (LSD1) 285 interacts with Pro 2 and Arg 3 of Snail´s SNAG-1 domain [12, 13] possibly through phosphorylation at position 77 or 78, would be sufficient to activate SCRATCH-323 domain-mediated reduction of Scrt2 transcriptional repression. Although our data shows that 324 changing residue 77 or 78 to a neutral aminoacid has the same effect as a substitution for a 325 negatively-charged one, we cannot rule out the possibility that experimental substitutions of 326 aminoacid residues fail to completely reproduce the changes triggered by phosphorylation.
327
Finally, we also investigated the role of the zinc-finger domain in nuclear translocation. The
328
chicken Scrt2 zinc-finger domain has 61.47% identity to the homologous region in mouse Snail1
329
and was sufficient to promote nuclear localizationScrt2. The nuclear shuttling function of mouse 330 Snail1 is attributed to importin binding to six basic and six hydrophobic residues [25] . Although 331 the zinc-finger domain in Scrt2 contains all the six importin-binding hydrophobic residues, it lacks 332 one of the importin-binding basic residues identified in Snail1 (Fig. S4) , indicating that 333 conservation of five of the basic residues is sufficient for nuclear localization. Also, the zinc-finger 334 domain is sufficient to direct protein-DNA interaction at E-box motifs (Fig. S5 ).
335
Thus, we confirm that Scrt2, with a general structure similar to the Snail family members, 336 relies on SNAG for transcriptional repression and the zinc-finger domain for nuclear translocation 337 and DNA-binding. We also show that Scrt2 has additional domains that modulate transcriptional 338 repression. Together, our data extends current knowledge on the modular structure of Snail 339 superfamily members and provides support for the hypothesis that modularity in this superfamily 340 arose from duplication and divergence from a common ancestral protein. 
